All relevant data are within the paper and its Supporting Information files.

Introduction {#sec001}
============

Phosphorus (P) is an essential macronutrient, which is involved in several crucial processes in the plant. Nevertheless, phosphorus is one of the most limiting resources in global crop production and the high quality global reserves are likely depleted within a century \[[@pone.0120604.ref001]\]. The low mobility of P in the soil requires a local response of plants to counteract any deficiency and plant roots extend their contact surface just behind the root tip with root hairs to increase the water and nutrient uptake \[[@pone.0120604.ref002]\]. Their importance for phosphorus supply under low availability has been proven using *Arabidopsis thaliana* \[[@pone.0120604.ref003]\] and barley mutants \[[@pone.0120604.ref004]\] that lack root hairs.

A large number of root hair and non-root hair-specific genes and proteins are known and many genes involved in their development have been identified. A large gene and protein network exclusively expressed in either root hair or non-root hair cells, of which many are related to the specific growth pattern of the hairs, has been identified \[[@pone.0120604.ref005],[@pone.0120604.ref006]\]. In addition to genetic factors, hormonal signals and environmental factors, such as nutrient (especially phosphorus) deficiencies, control root hair development \[[@pone.0120604.ref007],[@pone.0120604.ref008]\]. Among plant hormones, auxin and ethylene \[[@pone.0120604.ref009]--[@pone.0120604.ref011]\] and as was discovered more recently, strigolactones \[[@pone.0120604.ref012]\], appear to have the largest impact on root hair length and density.

In *A*. *thaliana*, as well as in many other plants, the low availability of phosphorus, manganese or iron increases the root hair density \[[@pone.0120604.ref013],[@pone.0120604.ref014]\]. Phosphorus deficiency leads to local and systemic transcriptional responses \[[@pone.0120604.ref015]\], and plants respond with a complex gene network to cope with lower phosphate supply \[[@pone.0120604.ref016]\]. Root hairs in *Arabidopsis* are normally only formed at positions where a rhizodermal cell is in contact with two cortical cells. The restricted longitudinal elongation of rhizodermal cells and ectopic root hairs contribute to the higher density of root hairs under P starvation in *A*. *thaliana* \[[@pone.0120604.ref017]\].

The root hair length depends on the duration of the tip growth phase after they had been initiated \[[@pone.0120604.ref007],[@pone.0120604.ref008]\]. Therefore, it is likely that different genes control the responses of root hair density and root hair length. Several genes, including transcription factors, have been associated with altered root hair density and length under P deficiency. Mutants in *bHLH23 (At3g25710)* increased root hair formation in low P \[[@pone.0120604.ref018]\], mutants in *PHL1 (At5g29000)* and *PHR1 (At4g28610)* affected root hair length under low P \[[@pone.0120604.ref019]\]. Furthermore, loss of the SUMO E3 ligase gene *SIZ1 (At5g60410)* \[[@pone.0120604.ref020]\], loss of *HSP2 (At5g03730)*, a Raf-like kinase \[[@pone.0120604.ref021]\], or the loss of the F-box gene *FBX2 (At5g21040)* \[[@pone.0120604.ref022]\] all led to higher root hair density in low P. By contrast, the loss of the ubiquitin protease 14 gene, *UBP14 (At3g20630)*, was associated with inhibition of root hair growth under low P \[[@pone.0120604.ref023]\]. Furthermore, regulators of the cell fate, such as *ENHANCER OF TRY AND CPC1 (ETC1)* are also involved in regulating root hair density under P deficiency \[[@pone.0120604.ref017]\]. Understanding the complex mechanisms of root hair acclimation to nutrient stress is of great importance to use limited nutrient resources more efficiently.

Complex and plastic traits, such as root hair acclimation, require a reproducible experimental set-up and system of measurement. Early phenotypes of seedlings can be significantly influenced by the stored nutrient reserves of the seed. We noted that when germinated on uniform---P plates, several accessions did not show homogenous seedling and/or root growth. Therefore, we developed a setup in which roots grew from a fully supplied medium (to ensure sufficient initial nutrient supply) into a medium without P. This plate assay allowed the measurement of large numbers of root hairs. We analyzed root hair traits in a large population of natural *A*. *thaliana* accessions from a wide geographic distribution to identify the diversity of root hair traits and their responses to the scarce local P supply.

Materials and Methods {#sec002}
=====================

Plant material {#sec003}
--------------

A panel of 166 diverse *Arabidopsis thaliana* (L.) Heynh accessions was used. These were chosen for high geographical diversity ([S1 Table](#pone.0120604.s001){ref-type="supplementary-material"}) and the availability of detailed genomic data. Genotypes were divided into six main populations (Central Europe, Northern Europe, Iberian Peninsula, Mediterranean, Central Asia and North America) and three small populations (Cape Verde, Canary Islands and Japan) reflecting their geographic origin ([S1 Fig](#pone.0120604.s003){ref-type="supplementary-material"}.). All seeds were derived from plants grown in nutrient-rich garden soil (Einheitserde EET, Einheitserde- und Humuswerke, Sinntal-Jossa, Germany), to ensure sufficiently high P content in all seeds. *D*iploid Wa-1 (2x) and tetraploid Col-0 (4x) seeds \[[@pone.0120604.ref024]\] were from D. Chao (China). Knock-out mutants *rlp48* (N677688), *aox1d* (N692539), *at1g32360--1* (N671169) *and cyr1* (N667777) were obtained from the *Arabidopsis* stock center (Nottingham, GB) and homozygosity and absence of the relevant transcript were checked by standard methods \[[@pone.0120604.ref025]\].

Split plates and growth conditions {#sec004}
----------------------------------

Vertically placed split squared Petri dishes (120 mm x 120 mm x 17 mm, Greiner bio-one, Kremmünster, Austria) with a top compartment containing P (1 mM KH~2~PO~4~) and a lower test compartment without P were used. The growth medium was composed of 5 mM KNO~3~, 2 mM MgSO~4~, 2 mM Ca(NO~3~)~2~, 70 μM HBO~3~, 14 μM MnCl~2~, 1 μM ZnSO~4~, 0.5 μM CuSO~4~, 10 μM NaCl, 0.2 μM Na~2~MoO~4~, 40 μM FeEDTA, 4.7 mM MES and 43 mM sucrose, pH was adjusted to 5.7 with 1 M KOH. The medium solidified with 1.2% phytoagar. All plates were prepared as split plates with a solid acrylic glass barrier of approximately 13 cm width and 3 cm height with two 1.5 cm deep notches allowing the fixation of the barrier inside the 12 cm wide Petri dish ([S2 Fig](#pone.0120604.s004){ref-type="supplementary-material"}.). Medium containing P was first added to the top part. Once solidified, the barrier was removed and the empty part was filled with medium containing either P or not, where KH~2~PO~4~ was substituted by 1 mM KCl. *Arabidopsis* seeds were surface sterilized with 70% ethanol and 0.05% TritonX 100 for 15 minutes under continuous shaking and were washed twice with 70% ethanol for 5 minutes. After washing, the seeds were dried on filter paper under a clean bench.

Eight to fifteen seeds were placed 1 cm above the split. To enhance and synchronize germination, plates were stored for two days at 4°C in darkness, before being kept under 21°C and continuous light for 12 hours. After light treatment, plates were kept in cold and darkness for another day before being transferred into the growth chamber. Plants were grown under constant light (180 μE) and 21°C until the root had a length of 3 cm, usually after 10 to 20 days.

Experimental design {#sec005}
-------------------

The experiment with the diverse panel of accessions was conducted as incomplete split-plot design with sub-sampling, as growth chamber space was limited. Three accessions (*Col-0*, *Sha* and *Copac-1*) were analyzed as standards in all eight incomplete blocks and behaved highly similar. A split-plot design was used for the polyploids and the *knock-out* mutants.

Image acquisition and analyses {#sec006}
------------------------------

For each accession images of six to ten roots per treatment were taken with 20x magnification with a Zeiss AxioCam MRm (Carl Zeiss, Jena, Germany) monochrome camera under a Zeiss Stemi 2000-c binocular microscope (Carl Zeiss, Jena, Germany) when roots had reached 3 cm of length to ensure an equal developmental stage. While for each mutant 10--15 roots per treatment were measured. Images were acquired 1 cm above the root tip, where root hairs were fully developed, as the length of the root tip greatly differed between accessions.

Root images of ca. 5 mm length were analyzed with ImageJ software (<http://imagej.nih.gov>). Images were subdivided into 1 mm segments with the *Grid* plugin for ImageJ (rsbweb.nih.gov/ij/plugins/grid.html). Root hair length was determined by measuring five straight hairs in focus per root on alternating sides. Root hair density was determined by counting all visible root hairs in a 1 mm segment in the center of the image.

Statistical data analysis {#sec007}
-------------------------

A mixed linear model was used for data analysis, reflecting the experimental design. The following model was employed for the diversity study:
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Where,

Y = Response variable (root hair density or root hair length).

GEN = Fixed effect of the genotype

TRT = Fixed effect of the treatment

REP = Fixed effect of the replicate

BLK = Random effect of the incomplete block

COL = Random effect of the column position in the growth chamber

ROW = Random effect of the row position in the growth chamber

PLATE = Random effect of the Petri dish

PLANT = Residual effect of the plant

x = main effects + interaction

/ = nested relationship

For root hair length, the mean over five measurements per root was calculated. Data analysis was performed with the MIXED procedure in SAS/STAT of SAS 9.3. Variance homogenity was reviewed and outliers were identified and removed based on studentized residuals. Values with studentized residuals larger than 4 were removed from the dataset. Mean values and standard error (SE) are given.

The root hair surface integrates both traits, length and density. The surface area is proportional to the "surface density" and was calculated by applying a cylinder model with a root hair diameter of 0.01 mm:
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Genomic data preparation {#sec008}
------------------------

For all accessions, either whole-genome sequence data from the '1001Genomes Project' \[[@pone.0120604.ref026]\] or high-density single nucleotide polymorphism (SNP) genotypes from the RegMap project \[[@pone.0120604.ref027]\] were publicly available. These data-sets were combined into a single set of SNP-markers, using all SNPs that were called in all three data-sets and had less than 30% missing data in the sequences and a minor allele frequency \>0.05. Missing data were imputed using MaCH \[[@pone.0120604.ref028]\]. As a result, a total of 160640 SNPs were used for further analysis.

Genome-wide association (GWA) mapping {#sec009}
-------------------------------------

Mapping was performed with a multi-locus mixed model (MLMM) to account for the structured population and improve the power of the study \[[@pone.0120604.ref029]\]. The kinship was calculated with GAPIT based on the whole marker set \[[@pone.0120604.ref030]\]. Further, adjusted means of the different traits were used as phenotypic input. The GWA mapping approach was applied to seven traits: root hair density and length under control and scarce local phosphate supply conditions, and normalized (relative) root hair density, length and surface response in scarce local phosphate supply.

The chromosomal regions around SNPs with Bonferroni corrected p-values smaller than 0.0001 were analyzed for nearby genes based on the TAIR10 gene annotation ([www.arabidopsis.org](http://www.arabidopsis.org)). Genes located in or near significant SNPs were identified with the online tool GBrowse \[[@pone.0120604.ref031]\] using a window size of 10 kb. Genes closest to the associated SNP were selected for further studies.

Results {#sec010}
=======

Establishment of a root hair screening system for the acclimation to low local phosphorus {#sec011}
-----------------------------------------------------------------------------------------

To ensure similar conditions for germination and early seedling development of a large array of *Arabidopsis* accessions, seeds were germinated on the top compartment of split agar plates containing all nutrients, including phosphorus. Plates were placed vertically so that roots grew into the lower compartment. The lower compartment either contained phosphorus (+P) or did not contain phosphorus (-P) ([Fig. 1A](#pone.0120604.g001){ref-type="fig"}). The root hair parameters measured from these seedlings were highly reproducible in eight repetitions of blind assays, with little variation for individual genotypes. Overall, the broad sense heritability was 0.85 for the hair density and 0.86 for the hair length. The upper part of the roots was in contact with medium containing phosphorus and the lower part used for root hair scoring was in direct contact with the medium lacking P. This experimental design ensured that exclusively local responses of the hairs to scarce P (by elongation or increased density) were scored.

![Natural variation in root hairs of 166 *Arabidopsis thaliana* accessions.\
(A) Split-plate assay. Right panel: Col-0 root in---P. Red lines are drawn 1 mm apart (B) Correlation (R = 0.64) and 95% confidence interval of root hair density and root hair length under control conditions. Inset: phenotype of Mitt9311 (left) and Wa-1 (right) under control conditions, scaling bar 0.1 mm. Values represent mean of replicates with each 5 plants.](pone.0120604.g001){#pone.0120604.g001}

Root hair diversity and response to scarce local phosphorus {#sec012}
-----------------------------------------------------------

While some accessions developed almost no root hairs, others had over 30 hairs/mm ([Fig. 1B](#pone.0120604.g001){ref-type="fig"}). Col-0 had an average density (20.22 hairs/mm ± SE = 1.84) (Figs. [1B](#pone.0120604.g001){ref-type="fig"} and [2A](#pone.0120604.g002){ref-type="fig"}). A correlation between root hair density and length was observed ([Fig. 1B](#pone.0120604.g001){ref-type="fig"}). In [Fig. 2A](#pone.0120604.g002){ref-type="fig"}, bars indicate the root hair density from all accessions ordered from low to high density (white / light blue bars). The hair densities in scarce P are overlaid in the same figure with dark blue bars. Similar to the root hair density, accessions displayed high variation in root hair length ([Fig. 2B](#pone.0120604.g002){ref-type="fig"}). Observed lengths ranged from under 0.1 mm to almost 0.5 mm in the extreme cases (Figs. [1B](#pone.0120604.g001){ref-type="fig"}, [2B](#pone.0120604.g002){ref-type="fig"}, [S2 Table](#pone.0120604.s002){ref-type="supplementary-material"}). Col-0 did neither display outstandingly long nor short root hairs, similar as with its root hair density. Although root hair density and length were correlated in most accessions, some accessions showed very dense, but short hairs. By contrast, others showed few, but long root hairs (Figs. [1B](#pone.0120604.g001){ref-type="fig"}, [2](#pone.0120604.g002){ref-type="fig"}).

![Natural variation in root hair traits of 166 *Arabidopsis thaliana* accessions.\
(A) Root hair density, (B) length, (C) surface under control (white bars) and scarce local phosphorus (blue bars). Error bars indicate standard error.](pone.0120604.g002){#pone.0120604.g002}

The root hair surface was calculated to combine the two measured parameters and to analyze the area available for nutrient uptake. By combining root hair density and length for each accession in this manner, root hair surface was a powerful measure to differentiate between accessions. The root hair surface area, calculated as a surface density that is proportional to the surface area, ranged from close to zero up to 0.4 mm, while under P starvation, accessions showed up to 0.6 mm ([Fig. 2C](#pone.0120604.g002){ref-type="fig"}).

Without local phosphate supply, the overall mean density (20.78 hairs/mm) was moderately increased compared to control conditions (18.34 hairs/mm). Nevertheless, the root hair density of accessions differed largely, ranging from 0.07 hairs/mm (Koz-2;SE = 4.88) up to 38.51 hairs/mm (Sij-4;SE = 3.49). Col-0 significantly increased the root hair density to 26.55 hairs/mm (SE = 1.85, p\< 0.05) in scarce local P supply. 75 accessions increased the root hair density without local phosphate supply, whereas 72 showed similar densities as under control conditions, and 19 accessions even showed a decreased root hair density ([Fig. 2A](#pone.0120604.g002){ref-type="fig"}).

Generally, in accessions with few root hairs, root hair density increased in scarce local P, while accessions with a high density under control conditions often did not respond to scarce P (Figs. [2A](#pone.0120604.g002){ref-type="fig"} & [3](#pone.0120604.g003){ref-type="fig"}). The root hair density in---P was thus weakly negatively correlated to the root hair density under control conditions ([Fig. 3](#pone.0120604.g003){ref-type="fig"}). Unlike overall mean hair density, mean hair length did not increase under local scarce P. Nonetheless, the response of root hair length to scarce P of accessions was diverse as well and changes in both directions were observed ([Fig. 2B](#pone.0120604.g002){ref-type="fig"}). Surprisingly, 41 accessions reduced root hair length under local scarce P in the growth medium ([Fig. 2B](#pone.0120604.g002){ref-type="fig"}).

![Dependence of root hair density change with---P on root hair density under control conditions.\
Weak negative correlation (R = -0.27, red line) and 95% confidence interval (grey lines) of root hair density response and density under control conditions.](pone.0120604.g003){#pone.0120604.g003}

Some accessions displayed a very strong response to scarce local phosphate, particularly Agu-1 and Kondara ([Fig. 2](#pone.0120604.g002){ref-type="fig"}) reduced hair density and length by more than two-fold. By contrast, Pretro-1 increased hair length by more than two-fold, without changing the root hair density. On the other hand, Yeng-1 and Ga-0 (Figs. [2](#pone.0120604.g002){ref-type="fig"} & [4](#pone.0120604.g004){ref-type="fig"}) increased hair density by almost five-fold; Lp2--2, N13, Cvi-0, Kn-0 and Lago-0 more than two-fold (Figs. [2](#pone.0120604.g002){ref-type="fig"} & [4](#pone.0120604.g004){ref-type="fig"}). With regard to absolute values, Ga-0 displayed the largest increase of almost 20 hairs/mm under local P starvation. Other accessions increased root hair length even though they already had developed very long root hairs (e.g. Sij-4 and Vezzano-2; Figs. [2](#pone.0120604.g002){ref-type="fig"} & [4](#pone.0120604.g004){ref-type="fig"}).

![Root hair density and length responses to scarce local phosphorus (P) supply.\
The responses were normalized to the density and length under control conditions (+P) and are given as relative values under---P (values of 1 indicate no change). (A) Root hair density response (density-P / density +P) versus relative length (length-P / length +P). (B-G) root hair phenotypes of Kondara (B,C), Col-0 (D,E) and Ga-0 (F,G) under control and local scarce P. Scaling bars: 0.5 mm.](pone.0120604.g004){#pone.0120604.g004}

Regarding the sub-populations, there was no common pattern within these groups observed for root hair length, density and the response to scarce local phosphate supply. No geographic pattern explained differences in the root hair traits (Figs. [2](#pone.0120604.g002){ref-type="fig"}, [3](#pone.0120604.g003){ref-type="fig"}, [4](#pone.0120604.g004){ref-type="fig"}).

Genome-wide association mapping of root hair density and response to scarce local P {#sec013}
-----------------------------------------------------------------------------------

The phenotypic data was used for genome wide association (GWA) mapping. We used the multi-locus mixed model (MLMM) package \[[@pone.0120604.ref029]\], which is particularly suitable for structured populations as used in this study. Q-Q-plots showed that the observed p-values are close to the expectation ([S3 Fig](#pone.0120604.s005){ref-type="supplementary-material"}.).

GWA mapping identified one highly significantly associated single nucleotide polymorphism (SNP) for root hair density in scarce local phosphate, being located 427 base pairs (bp) upstream to the Receptor Like Protein 48 (*At4G13880*; [Fig. 5A](#pone.0120604.g005){ref-type="fig"}, [Table 1](#pone.0120604.t001){ref-type="table"}) on chromosome 4. For the combined trait root hair surface in scarce P, two significantly associated SNPs were identified ([Fig. 5B](#pone.0120604.g005){ref-type="fig"}, [Table 1](#pone.0120604.t001){ref-type="table"}), one 3198 bp upstream of *CYTOKININ RESISTANT 1 (CYR1*, *At5G51230*), a polycomb gene involved in stress response and vegetative growth. The second significantly associated SNP is located between the gene coding for alternative oxidase 1D (*AOX1D*, *At1G32350*, 2045 bp upstream) and the uncharacterized CCCH-zinc finger protein gene *At1G32360* ([Fig. 5B](#pone.0120604.g005){ref-type="fig"}, [Table 2](#pone.0120604.t002){ref-type="table"}, 2711 bp upstream). For other root hair traits, no significant SNPs were identified ([S4 Fig](#pone.0120604.s006){ref-type="supplementary-material"}., [S5 Fig](#pone.0120604.s007){ref-type="supplementary-material"}.).

![Manhattan-plots for root hair density (A) and root hair surface (B) response to local scarce phosphorus supply.\
Light red dots (above the significance threshold) indicate SNPs used as cofactors in MLMM. SNPs of different chromosomes are given in different colors. Horizontal line indicates significant Bonferroni corrected p-values at 5% significance level.](pone.0120604.g005){#pone.0120604.g005}

10.1371/journal.pone.0120604.t001

###### Candidate genes as detected for root hair density response to scarce local phosphate supply by genome-wide association study.

![](pone.0120604.t001){#pone.0120604.t001g}

  Chr   Pos\[bp\]   p-value    Gene          Position      Annotation
  ----- ----------- ---------- ------------- ------------- ------------------------------------------------------
  4     8025724     2.21E-07   *At4G13880*   upstream      *RLP48*, *receptor like protein 48*
  1     7085727     2.57E-06   *At1G20440*   in gene       *COR47*, *dehydrin protein family*
  4     7937687     7.03E-06   *At4G13640*   in gene       *UNE16*, *unfertilized embryo sac 16*
  1     23016486    1.76E-05   *At1G62300*   down-stream   *WRKY6*, *transcription factor*
  2     18286563    2.71E-05   *At2G44221*   in gene       *Protein of Unknown Function*
  2     10855824    6.28E-05   *At2G25500*   upstream      *nosine triphosphate pyrophosphatase family protein*
  2     5549098     6.68E-05   *At2G13370*   in gene       *CHR5*, *chromatin remodeling 5*
  2     5317801     7.09E-05   *At2G12940*   upstream      *UNE4*, *unfertilized embryo sac 4*
  2     18285063    9.80E-05   *At2G44220*   in gene       *Protein of Unknown Function*

10.1371/journal.pone.0120604.t002

###### Candidate genes as detected for root hair surface response to scarce local phosphate supply by genome-wide association study.

![](pone.0120604.t002){#pone.0120604.t002g}

  Chr   Pos\[bp\]   p-value    Gene          Position   Annotation
  ----- ----------- ---------- ------------- ---------- --------------------------------------------------------------------------
  5     20820955    1.89E-07   *At5G51230*   upstream   *CYR1*, *cytokinin resistant*
  1     11670614    1.92E-07   *At1G32360*   upstream   *Zinc finger (CCCH-type) family protein*
  1     11670614    1.92E-07   *At1G32350*   upstream   *AOX1D*, *alternative oxidase 1D*
  1     22986142    7.24E-06   *At1G62200*   upstream   *PTR6*, *peptide transporter*
  2     10855824    1.41E-05   *At2G25500*   upstream   *nosine triphosphate pyrophosphatase family protein*
  5     18375271    1.60E-05   *At5G45340*   upstream   *CYP707A3*
  1     21316400    1.91E-05   *At1G57560*   upstream   *MYB50*, *transcription factor*
  1     21316982    2.07E-05   *At1G57560*   in gene    *MYB50*, *transcription factor*
  2     7900874     2.30E-05   *At2G18160*   upstream   *ATBZIP2*, *transcription factor*
  3     4768402     2.65E-05   *At3G14300*   in gene    *ATPME26*
  3     10174453    3.53E-05   *At3G27480*   in gene    *Cysteine/Histidine-rich C1 domain family protein*
  1     29355538    3.54E-05   *At1G78070*   in gene    *Transducin/WD40 repeat-like superfamily protein*
  3     18987992    3.60E-05   *At3G51120*   in gene    *DNA binding;zinc ion binding;nucleic acid binding;nucleic acid binding*
  5     2987972     3.65E-05   *At5G09640*   upstream   *SNG2*
  5     13590082    4.93E-05   *At5G35370*   in gene    *S-locus lectin protein kinase family protein*
  1     26328682    5.02E-05   *At1G69910*   upstream   *Protein kinase superfamily protein*
  1     8740591     5.57E-05   *At1G24706*   upstream   *THO2*
  3     8953457     6.11E-05   *At3G24540*   in gene    *PERK3*
  2     16738390    6.43E-05   *At2G40090*   in gene    *ATH9*
  3     15250210    7.48E-05   *At3G43302*   in gene    *gypsy-like retrotransposon family*
  1     21315507    7.64E-05   *At1G57560*   upstream   *MYB50*
  1     7085727     8.56E-05   *At1G20440*   in gene    *COR47*
  3     12189492    8.91E-05   *At3G30620*   in gene    *gypsy-like retrotransposon family (Athila)*

Among the 70 genomes, for which the entire genome sequence was available, each of these genes was highly polymorphic. *RLP48* has 37 nucleotide differences within the coding region, of which 25 led to amino acid exchanges. For *CYR1*, a total of 9 SNPs alter the amino acid sequence, while for *At1G32360*, of 31 SNPs only 9 lead to amino acid differences among these 70 accessions.

Confirmation of candidate genes involved in root hair traits and the response to scarce local P {#sec014}
-----------------------------------------------------------------------------------------------

Root hair density, length and response to scarce P were subsequently analyzed in *loss-of-function* mutants of candidate genes that were within or neighboring the three significantly associated SNPs, to validate the biological function of the regions and genes found by GWA mapping. Homozygous *T-DNA* mutants were used for that purpose. A *loss-of-function* mutant of the candidate receptor like protein 48 (*rlp48--1)*, had higher root hair density in both conditions, consistent with the hypothesis that this gene is important for root hair density and its relation with P ([Fig. 6A](#pone.0120604.g006){ref-type="fig"}). However, the length of the root hairs in that line was not affected.

![Root hair length and density in *loss of function* mutants of candidate genes.\
(A) Root hair density of wild type (Col-0), *rlp48--1*, *aox1d-1*, *at1g32360--1*, *cyr1* (all mutants in the Col-0 background). Black bars: with P, grey bars: without P. (B) Root hair length of wild type (Col-0), *rlp48--1*, *aox1d-1*, *at1g32360--1*, *cyr1*. Black bars: control with P, grey bars: without P, error bars indicate standard error. Statistically significant data points compared to diploid individuals under the same conditions are given as '\*' (p\<0.05).](pone.0120604.g006){#pone.0120604.g006}

Furthermore, one associated SNP was between the genes encoding the alternative oxidase 1D (*AOX1D*, *At1G32350)* and a putative transcription factor gene (*At1G32360)*. While root hair length and density were not affected by the loss of the *AOX1D* gene, root hair density (and hence the surface) was markedly increased under scarce P in *at1g32360--1* ([Fig. 6](#pone.0120604.g006){ref-type="fig"}). Finally, a *loss-of-function* line *cyr1* of *CYTOKININ RESISTANT1* also showed a significantly higher root hair density in scarce local phosphate supply.

Taken together, the phenotypes of *loss-of-function* mutants were consistent with natural allelic variation of these genes contributing to natural variation of root hair traits. Interestingly, the loss of two identified candidate genes led to higher root hair densities under control conditions and P insensitivity, suggesting that the identified genes are P-independent repressors of root hair density. By contrast, the repressing effect *of At1g32360* appears to be---P dependent.

Genome duplication affects root hair traits {#sec015}
-------------------------------------------

The accession that maximally increased its surface by root hairs among all accessions and also had the highest hair density was Wa-1 (from Warsaw, Poland), an autotetraploid accession ([Fig. 2](#pone.0120604.g002){ref-type="fig"}). Interestingly, polyploids of *A*. *thaliana* had recently been identified to have higher potassium uptake and increased potassium in the shoot \[[@pone.0120604.ref024]\]. Another autotetraploid accession, Ciste-2 (from Cisterna di Latina, Italy), was also among the accessions with the highest root hair density ([Fig. 2](#pone.0120604.g002){ref-type="fig"}). In both cases, root hair density was not different in scarce local P, but hairs of Wa-1 were even slightly shorter without local phosphate supply (Figs. [2](#pone.0120604.g002){ref-type="fig"}, [7](#pone.0120604.g007){ref-type="fig"}). We further checked whether the ploidy level influences root hair density or length in the isogenic diploid *Wa-1* (2x) line, which was derived by haploid induction \[[@pone.0120604.ref032]\]. Although these lines were isogenic, root hairs were 65% less dense under control conditions, with the trend of increased density under scarce local P ([Fig. 7](#pone.0120604.g007){ref-type="fig"}), contrary to the tetraploid Wa-1 (4x) accession. Similarly, the Col-0 colchicine-doubled tetraploid line (Col-0, 4x) had 18% higher hair density under control conditions, but no significant density increase was seen for the response to scarce local phosphate supply. Furthermore, the Col-0 (4x) line had much longer root hairs already under control conditions (by 63%), but the length response to scarce local P was reversed compared to the P sufficient condition, similar to the response to P in Wa-1 (4x). This suggests that an increased chromosome set number strongly increased root hair surface on phosphate sufficient medium, but a further increase when local phosphate supply was scarce is not seen in such polyploids.

![Root hair length and density in isogenic accessions differing in ploidy.\
(A) Root hair density of Col-0 (2x), Col-0 (4x), Wa-1 (2x), Wa-1 (4x), 2x, diploid; 4x, tetraploid, Black bars: with P, grey bars: without local P. (B) Root hair length of Col-0 (2x), Col-0 (4x), Wa-1 (2x), Wa-1 (4x). Black bars: with P, grey bars: without P. Statistically significant data points compared to diploid individuals are given as '\*'(p\<0.05), error bars indicate standard error.](pone.0120604.g007){#pone.0120604.g007}

Discussion {#sec016}
==========

Diversity of root hairs and response to scarce local phosphate supply {#sec017}
---------------------------------------------------------------------

This study presents an overview of the diversity of root hairs and their response to scarce local P. We developed a robust high throughput root hair phenotyping assay that allowed the quantification of many individuals with reproducible results. Quantifying the two most important aspects of root hair response, hair length and density, this study revealed that a much higher diversity of root hair phenotypes is present in *Arabidopsis* than previously thought. Candidate genes for the response to locally scarce P were identified and confirmed by *loss-of-function* mutants, but these were not in loci previously identified in the response of root hairs to P deficiency. However, it must be stressed that in our approach, the roots were not systemically P-deficient since the top part of the plant had access to sufficient P. Genes previously identified in the acclimation to scarce P might respond to systemic low P and were thus not identified here. It is also possible that these genes are not sufficiently polymorphic in the panel of accessions used for the GWAS approach. Furthermore, comparisons with older studies clearly indicated that the root hair acclimation to low P appears to be different than the acclimation to scarce local P, which was investigated here. Our study is consistent with the suggestion that different genes control the global and the local response to insufficient P supply \[[@pone.0120604.ref016]\].

Overall, the strategies of acclimation of plant roots to scarce local P are diverse and do not only involve root hairs. As a response to low P, some plants alter root architecture to increase the lateral root abundance close to the soil surface, which, in combination with an increased root hair density, may be much more effective than changing each parameter alone \[[@pone.0120604.ref033]\]. Acclimated accessions that can be used for further studies of root hair responses were identified. These might be suitable parents for recombinant inbred lines for more accurate gene mapping.

In agreement with earlier studies,-P most frequently leads to a correlated increase of root hair density \[[@pone.0120604.ref003],[@pone.0120604.ref007],[@pone.0120604.ref034]\]. Nonetheless, some accessions not following this general pattern were identified, e.g., Kondara and Agu-1, which drastically decreased their root hair density under local scarce P supply. The combination of the two traits, density and length into a single trait, root surface, revealed an even stronger difference between the accessions (Figs. [1](#pone.0120604.g001){ref-type="fig"}, [2](#pone.0120604.g002){ref-type="fig"} and [3](#pone.0120604.g003){ref-type="fig"}).

An increase in the number and length of root hairs may be a suitable strategy for accessions with few, short root hairs under control conditions. Increase only the number of root hairs, but not their length, appears to be established in accessions that already have long hairs. Some accessions, by contrast, do not alter their root hair patterning under scarce local P at all. These accessions might not respond locally, or alter other root traits, for example by developing more lateral root branching or by changing their P metabolism. Furthermore, these accessions might already be acclimated to an environment with low P supply and do not sense any deficiency in P under our conditions; in these ecotypes, systemic signaling may indicate sufficient P in the plant shoot.

Surprisingly, some accessions even decreased the number and length of root hairs with scarce local phosphate supply. They may invest their resources into other root responses, such as the formation and growth of lateral roots into zones, where P is available. Such different strategies should be further investigated, to obtain a conclusive answer to the question if and how the accessions adjust under scarce local phosphate supply. Interestingly, there was no large-scale geographic pattern associated with the distribution of the accessions that responded negatively to scarce P. This suggests that this negative response may either reflect the response to local soil conditions, where increased root surface area that is commonly observed in P deficiency, is negatively associated with the reproduction success or that the root hairs have low impact in that respect (and are neutral with respect to evolution).

The root hair density was much more responding to the scarce local P than the root hair length. Other studies, in which P was deficient in the whole plant, described a root hair elongation of up to 3 times under low P conditions \[[@pone.0120604.ref003],[@pone.0120604.ref007]\]. Besides, the absolute values of root hair density were lower in this study than described in previous work, despite that they were analyzed at a similar developing state. One reason for this may be that in previous studies the entire growth medium lacked P. Our results strongly suggest that at least some accessions can locally sense and respond to scarce P by changing root hair density, but also hair length, although the length was affected only in a few accessions.

Under-P, root hair length and root hair density were correlated in most accessions, in accordance with previous studies \[[@pone.0120604.ref003]\]. However, accessions with contrasting reactions to-P were also identified, and they may be interesting candidates to independently study the pathways of root hair density and length. The correlation between root hair length and density under control conditions and under scarce local P was also high for most accessions, showing that the response follows a general pattern ([Fig. 3](#pone.0120604.g003){ref-type="fig"}). Nevertheless, there are accessions with trait values outside the confidence interval of this correlation. These are suitable for generating a genetically diverse mapping population for mapping the underlying genes more accurately.

It had been shown that if the primary root tip comes in contact with a P-deficient medium, primary root growth is reduced \[[@pone.0120604.ref035]\]. This effect then shortened the total root length, either by reduction in longitudinal epidermal cell length or less numbers of epidermal cells. Each mechanism may increase the root hair density and it will be interesting to test these possibilities for all 166 accessions studied. Whether a lower root hair density is a consequence of sensing P by root hair founder cells, or just a secondary effect of sensing scarce local P in the root tip is beyond the scope of the study. To avoid interference with different root elongation, here all hairs were quantified at the same root length. Similarly, iron toxicity has been associated with the reduced primary root length under P deficiency, while the same (100 μM Fe-EDTA) iron concentrations were non-toxic in the presence of P \[[@pone.0120604.ref036]\]. The plates lacking P in the lower compartment used here contained iron at non-toxic (40 μM Fe-EDTA) levels \[[@pone.0120604.ref036]\].

Candidates from genome-wide association mapping {#sec018}
-----------------------------------------------

GWA mapping with MLMM yielded significantly associated SNPs for several traits. MLMM was developed to perform well with structured populations, which is clearly the case with sub-populations used here (Segura et al., 2012). For instance, we included closely related alpine accessions, as well as closely related central Asian accessions ([S1 Fig](#pone.0120604.s003){ref-type="supplementary-material"}.). The GWA study with MLMM corrected for population structure and yielded significant SNPs, which were located in genes or in close proximity. We assumed that the closest genes to these SNPs are the best candidates, although it had been shown that causal SNPs are not necessarily closer linked to the trait in GWAS or more significant than nearby non-causal SNPs, since SNPs in such a small region are linked \[[@pone.0120604.ref037]\]. One significant SNP was close to receptor like protein 48 gene and a mutant (*rlp48--1)* lacking that gene showed higher root hair density in both conditions, consistent with the hypothesis that this gene plays a role in root hair development ([Fig. 6](#pone.0120604.g006){ref-type="fig"}). Furthermore, one SNP close to a putative transcription factor gene (*At1G32360)* was identified, and the importance of that gene for hair density was confirmed using a *loss-of function* mutant ([Fig. 6](#pone.0120604.g006){ref-type="fig"}). Another gene identified was *CYR1 (At5G51230*), a cytokinin-regulated gene that is involved in root growth. *Knock-out* plants of *CYR1* are cytokinin insensitive and develop shorter roots, but more and longer root hairs \[[@pone.0120604.ref038]\]. The *at1g32360--1* and *cyr1* mutants showed significantly higher root hair density than wild type only under---P condition, displaying a P-deficiency-hypersensitive phenotype. But none of them showed significant difference in root hair length from the wild type in P sufficient medium, suggesting that *At1g32360* and *CYR1* are involved in root hair density regulation upon P-deficiency. The coding region of each of these genes is polymorphic among 70 fully sequenced accessions, with several amino acid differences predicted from the sequence. However, causal SNPs may also be found outside the coding region, regulating the gene expression level.

Ploidy matters for root hair length, density and acclimation to scarce P {#sec019}
------------------------------------------------------------------------

The accession with the highest surface increase by root hairs in response to the scarce local P, and that with the highest hair density, was Wa-1, an autotetraploid accession ([Fig. 2](#pone.0120604.g002){ref-type="fig"}). We therefore also checked whether the ploidy level matters for root hair density and responses to P. Hairs of diploid Wa-1 were of similar length in---P and +P, but shorter in the tetraploid in scarce local P ([Fig. 7](#pone.0120604.g007){ref-type="fig"}). Tetraploid Col-0 (Col-0, 4x) showed longer and denser root hairs compared to the isogenic diploid line. In both cases polyploidy led to an increase in root hair density in sufficient local P, but scarce local P did not further increase the density or length, probably because root hairs were already maximally elongated and dense.

Polyploidy was found to influence other physiological traits in *A*. *thaliana*. For example, the genome duplication of tetraploids caused higher shoot K^+^ concentrations and salt resistance in various *A*. *thaliana* accessions \[[@pone.0120604.ref024]\]. Interestingly, the ploidy level of the root was exclusively responsible for this observation, as shown by grafting experiments \[[@pone.0120604.ref024]\]. In our study, two autotetraploids developed very long root hairs (Wa-1 and Ciste-2), but did not increase their length in response to low local P. Interestingly, the isogenic diploid Wa-1 (2x) line had less dense hairs, which increased in density with local scarce P. Similarly, compared to the diploid Col-0, which responded modestly to scarce local P, the tetraploid line had long, dense hairs that were little influenced by P (Col-0, 4x, [Fig. 7](#pone.0120604.g007){ref-type="fig"}). As these accessions are isogenic and only differ in their ploidy level, this indicates a strong impact of ploidy on root hair parameters ([Fig. 7](#pone.0120604.g007){ref-type="fig"}). The effect of the genome duplications on root hair parameters may also partially explain root K^+^ uptake and higher shoot K^+^ concentrations, as root hairs play a central role in K^+^ acquisition, at least under a low K^+^ supply \[[@pone.0120604.ref039]\].

Conclusions {#sec020}
===========

To our knowledge, this study presents the largest overview on root hair responses to local scarce P. The surprising high level of natural variation in the root hair length and density raises several questions with respect to its role in ecological acclimation to different environments. The developed screening method allows the quantification of many individuals. Using these measurements together with high SNP density for GWA mapping, genes and ploidy involved in the response of root hairs to scarce local P were revealed. It will be interesting to study how the identified candidate genes are involved in cellular responses and other plant strategies to cope with scarce P.
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###### Q-Q plot of MLMM bias for sub-population corrections.
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###### Manhattan-plots for root hair density under control conditions (left) and root hair length (middle) and surface (right) under control conditions.
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